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A strong need exists in active search and surveillance systeme for

sirrniltaneous multichannel signal processing capability~ The data acquisition

rate and its processing in real time have alread y strained the capacity of

conventional sear ch systems, and in some cases an answer ii~ being sought

in the duplication and parallel operation of complex equipments This tr end c

although dictated under certain circumstances , is undesirable from the

standpoint of economic and reliability fact ors obviously, but also it eufl~ers

f rom limited capability to evolve into more flexible concept s in the near

future . Fortunately a nuxnber of signal processing techn ique s have been

proposed in recent years, and some of them have been implemented with

reasonable success.

~ The panchromatic optical correlator is one attempt ~t satisfying ~

particular requirement of high data rate receivers matched to the transmitted

waveform The technique is presentl y stilt in ~ bre~. dboard stage and its

applicability I. not full y proven as yet, but it offers a reasonabl y promising

expectation for the simultaneous processing of variously Dopple r di.torted

signals - This simultaneo’~is approach would obviate the need for a sequential

scan of all the Doppler possibilities . which ustornarily is mul’lplexed with a

real -time correlation process. The technique is part lculrrl y ~q~plic~ ble in

~~1ow Q ’~ wide bandwidth systems in which Doppler distortion s c-innot be

approximated by simple frequency shifts of the signal component s )nstead
-

the true scale factor relationship must be maintained between frequency

components of the transmitted and received signals
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where v target radi al sp ied . assumed( constant for signal duration T

c ~ signal propagation speed.

0 Dopple r distortion factor ,

w any particular radian frequency
of the transmitted signal . and

corr .sponding radian frequsney
of th. recsivsd signal .

An Ideal correlation receiver would cross correlate the received

signal not only against a replica of the transmitted waveform but aga inst

the entire range of all possible Doppler distorted version s of this replica

(as dictated by a likely range of v values in Eq [1 1) Such a procedure

becomes prohibitively expensive when waveforms of long duration T are

used to obtain increased processing gain . A saf e criterion for avoiding

significant degradation in the correlation process due t~ timeba se contraction s

or expansion. of the type represented by Eq. (1) Ii the one which itates that

timebas. er !orm between the received signal waveform and the refer~,nce

function with which it i. correlated shall not accumulate over the signal

durat ion by more tha n one -quarter period of the highest frequency contr ibut ing

significant energy to the power spectrum of the signal For lai~ge T • the

result is a fantasticall y large requirement on the num ber of distingui shable

Doppler cha nnels that must be processed simultaneously to cover all possible

target mOtions A coarser spacing of Doppler channels leads not so much to

a lower resolution on target velocity determination as to an outright failure

to detect the target Therefore, the entire range of Doppler distorted signals

must be •cannod with a resolution which is proportional t~’ the signal dur;it ton

T Electronic techniques can be used to t ime compres. the or i ginaL r e eived
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signals and scan the entire Doppler range while processing the received

signals in real time . However , such te chni que s are not generall y well

adapted to niultichannel inputs, as from many receptors. If time-compression

is used to permit a scan of Doppler distortions, it is not then available to

allow a multiplexin g of various received signals onto a. single timebase so

that a single electronic cor ralator can perform the receiver -multiplexed

correlation . Moreover, the number of received signals to be cross correlated

frequentl y Is great enough to require multiple correlation channels if real-

time operation is necessary In such cases, optical correlators have an

obviou s appeal in their ability to correlate a large number of channels simul-

taneously without duplication of equipment . The panchromatlc optical cor -

relator takes the fu rther step of simultaneous processing all Dopj~ler  dis-

tortions while maintaining the multiple channel capability at the Input.

The principle, of coherent optical correlators are well described in

the literature Basically an optical correlator consists of one of several

configurations of lenses and apertures which perform the following generalised

two-dimensional averaging process (with the exception of the Optical Matched

Filter, shown in Fig. 2):

+ u y)
H . Wy ) ff f(x,y) g(x~y) e ~ dxdy (Z~

A

L 3 C~&trcna , E N. Leith C S Pal~’rmo . and L S p rcello-
“Optical data processing and filtering systems ” ARE , Vol 1T 6 . No 3
(Jun e 1960)
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The relation among coordinate s of Eq (2) is shown in Fig I and the

subscript A indicates integration over the optical aperture The weighted
avera ging, in which the kernel a X appears , is a property of

optical systems that has been known for some time 2 Ph ysically the kerne l

represents the phase of the light amplitud . vector at the point .1

determined by Huygen’s principle from the t i g ht amp litude at point 1 x . y )

and the Integration represent. a coherent summing of lig ht *mpl itudes over

the extent of one of the apertu re planes pe rpendicular to the p t ic  axis In
particular , various restrictions and spec ial condit ions upon Eq ~2) ~ htch

can be simulated by lenses and apertures , can reduce the general expression

of Eq (2) to many of the commonl y useful transforms, including Fourier an.d
Laplace tr ansfor m s, correlations , convolution., power spectra . ambiguity

functions, etc In addition, with the use of cylindrical lenses it ‘a possible

to reduce the two ‘dimensional integration of Eq. (2) to * one dinien~ionsL
one , in which case the unused dimension contains a large number of independent
information channels which can be proceseed simultaneously

A particularly useful configuration (or performing i p tu ~1

has been described previousl y and is shown scheniati *ll y in Fig 2 i t

uses a coherent monochromatic light source to project the Fourier t ran sform

S(w~ ) of the moving signal function s(x
1 

- x0
) upon the reference function

Fourie r transform, R•(W ) , so that the light amplitude dist ribution transx
xnitted through the frequency plane in which R~~~~~) is Inserted is proportional

2 Max Born, 9p~~ (Julius Springer . Bey Lj n ,  1933), Sac, 46 4 1

~s 
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to S(
~~

) ~~~~~~ An inverse Fourier t ransform perfo rmed by the lens

In the right in Fig 2 produces the desired correlation unction •~x )  in

the output plane This optical ar rangement  is called a rnstched filter

because It uses in analogy to electronic matche d f i l t e r .  a spat ial frequency

titter Re~~~) matched to the signal ~(x 1 ) In this , or other configu ’
rations a differ ent referen ce f un c t i o n  must be inserted ‘o~ ea ch d it ’er ent

Doprier distort ion c’f the recei ’i ed .ignsl Therefore to se~ rch the entire

range .‘ ~~ p. sst b le  target motion. the reference function must be changed

continuousl y and the various correlation functions for the di’fe rant Dopplers

perfor med sequential l y

The panchrornatic optical cor re la tnr  depends for it. operation upon

the fact that a Fourier transform relationship .‘xiste between the light amplitude

distributions in plane s located wit h respect to a lens , as shown ~n Fig 2

This relationship ha. been known for some time , but its pr*ctical application

to optical corretators first found expression in the con~entional and matched

fil ter confl gurat i .’ns It Is furthe r exploited in the panchronia t ic  correlator

where advantage is taken of the fact that the scale factor connecting the

coordinate of a frequency plane and the Cc er a sponding sp atial frequency

depends on the li ght wavelength:

Zw
- -

~~~~~

-- X
2 ( 3 )

where U radian spat ia l frequency as.’ciat ed with x ,

~ light wavelength ,

f lens focal length and

= coordinate defined on Fig ~
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It is obviou, from Eq. (3~. by its dependence upon ) .  tha t  a con-

tinuous range of s *le factors  connecting ~~ and x 2 ‘an be obtained by

var ying lb. color of the Light source In particular If we define U
*

C U~ , ‘~

and relate *2 to w .. Eq 13) can be made to simulat e Eq (1’  wherein the

reflect .d signal fre quency component . appear as scale facto r diatortions of

th, ori ginal signal component. Thu. a slight broadening o~ the spectral

width of the li ght sou rce color f i l t e r  wh ich  is made as rnnno~ hr ,  iiatic as

possible for usual correlator confi g u r a ti on s  can simulate in th. panc-hromat~-

correlato r the Doppler diatort ic ’n . imposed upon the signal by reflection f rom

a moving target

The complete configuration of a panchr omatic corre lator  a shown in

Fi g 3 It dlfter.  t ron~ ear l i e r  cor re lat t ’r  type .  by including a broadened

spectral width in the l ight  source and l it ter ,  a diffraction grating to allow the

isa of a heterodyned version of the r ece ived  signal , a single fixed r e fe r e n c e

function insert ed in a frequency plane.  and a c..”lor  separa t ion p r ism to resolve

the various Doppler channel, in the output plane The ~eter ence  func t ion , or

replica of the t r ansmi t t ed  si gnal spectrum , is  introduced as a matched filter .

I .  a , the complex conjugate of the si gnal  Four ier  t r a n s f o r m  is Inser ted in a

frequency plane as a f i l ter  which matches , (or a gt~~en center  wave leng th  ~°

of the li ght source , the undistorted t r ansmi t t ed  signal Neglec t ing  the ef ’ec t

of the heterodyning operation performed on the received signal  in order to

conserve bandwidth prior  to insertion Intø the correlator  i~tO be desc r ibed in

the next paragraph ) ,  a continuou s range of Doppler distortions can he aecorn

modated by the continuous spectrum of lig ht Lource f requencies  with out

changIng the physical format  of the r e fe rence  function This fo rma t  is fixed

in t e rms  of the x 2 coordinate of Eq ( i ) ,  but Eq (. 3) show . th.s t a range ot
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correspond ing ~~ , and therefore a , vaJues is available because of

the range of b values present Iii this context , the panchromatic correlator

can be considered to be a supe rposition of many coherent , monochromatic

correlators with each light source frequency corresponding to a particular

Doppler distortion of the transmitted signal . The various light frequencies

are separated to resolve Doppler by the prism just to the left of the output

plane in Fig. 3.

A pauchromatic correlator could be built accordin~’ to the foregoing

description, and presumably it would properly correlate unheterodyned

Doppler distorted signals as claimed, However , for any signal function

whose spectrum does not extend down to zero cycles it would make inefficient

use of the number of resolvable elements, or time -bandwidth product , in the

optical aperture . Any optical system with apertures on the optic axi s is

necessarily a low pass filter. Hence , better use of the avai~ tble bandwidth

can be made by heterodynin g the signa l -~pectrum down toward tero cycles

The heterodyning operation should not transpose the positive frequency

spe ctrum into the negative frequency region, or vice versa , howeve r , for thi s

would lead to overlays of poeitlve and negative frequency components and

distortion of the signal , An expression analogous to Eq~ (1 and i3 : but al~~

containing the heterodyning operation would be written L
- wh = ‘ -

~~~~~ x2 ~~ (4)

r
where r~ th~ n frequency shift c’~ccted by he~ei~.~ ’3yn’n~ t ~a

from Eq. (4 that the simple scale factor -~j~- relating ~~ ~nd

in Eq (3~ no longer holds in Eq. ~4 : Thus the hete rody~nnr operation

. 1 ’ 7
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appears to eliminate the possibility of simulating Doppler distortions by a

spr ead in the light spectrum . However, by inserting a diffraction grating

immediately after the first objective lens of Fig . 3, it is possible to sim-

ulate Eq . (4) so that a spread in light frequencies again simulates Doppler

distortion s when illuminating a heterodyned received si gnal function , while

the bending of the optic axi s into the f i rs t  orde r image of the diffract ion

grating produces the consta nt frequency shift 
~h For signals hetero -

dyned down near , but not through, tero cycles , the scale factor relation

between and x2 which depende upon X , and the bending of the

optic axis , also dependent upon A , just compensate to give a resultant

W
h 

which is independent of A . This is easily shown as follow s

Figure 4 shows the bending of the optic axis into the diffract ion orders

it = 0, * 1 The usual diffraction equation gives the locations of principal

maxima as

d sin 9 ,

where n = the diffraction order , and

d = slit separation distance on grating .

Also, from Fig. 4,

xh
( X )  g sin 8~ £~1 , (6)

F A. Jenkins and H. E. White , Fundamentals of Ph ys ical Optics
(McGraw Hilt Book Co., In c . ,  New York, l937~ 1st ed , Chap . ~‘(

~ 
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t - 
using Eq. ~5) . Since the coordinates of Fig .  3 are measured wit h re spe ct

to the optic axis before bending . it is necessary to rewri te  Eq (3) in terms

of distances measured from the optic axis after bending It is shown in

Appendix I that the relation of Eq. (3) still holds in the f irst  order diffracted

image provided coordinate. are measured from the dif f racted optic axis

Therefore , in terms of the coordinates on Fi g . 4,

— Ziv .1Wx
_ Wh

_ 
~T L

xZ xh~~~J ‘ (7)

where xh (x)  is defined on Fig 4

Substituting from Eq (6) ,

- Zn ZTrn g
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ fd (8)

For n - 1 in Eq. (8). the term Ziv g represent s the constant u
~b

and therefore the frequency shift effected by heterodvning Then th.” -‘~~
---‘

of Eq. (8) becomes

OW = - 

~r xz
or

• ~~~~L f f ~aX~ = A .~ . (9)

where A° is that wavelength corresponding to a 1 (no Doppler distortion)

It Is now obvious from Eq. (
~ ) that the reference funct~on can be constructed

as a function of x 2 , which is related to the transmItted undistorted) si gna l

9 .
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f ~frequencies .~~ by the constan t  - r- A Howe~’er , t~ .e re ’e rer  cc
ii

f u nc t i ~ n wih also rep resen t  any other v a lu e  of c, ~~~ ~‘

( 10)

T he abil i t y o~ the panch romr3 t ic  :orr e la tor  sirnu lt an eou ’l y to r ep re sen t

all 1)opp l er  th.tort~ori~ of the t r a n a r n i t t e t. sign.t l (al l i • i& i1lu ’t~ ‘t e d  ~rap }~ic~~~ y m

Fi g ~ Here the Dopp ler distor ted rece ived  si gna l u. is p lotted h. r i . ’n ta i 1 v ,

A and the Dopp ler dis tor t ion f a c t o r  ~ are  plotted v e r t t c ’ l l y The fr e q u e n cy

axis for  the t ran smi t ed spectrum ~ is plot ted hon n t a l l y it  A. - X ° and

covers the bandwidth fr o m  A to B. For a sing le t rans ’nit  ed ro~~~~onent  u~

Eq (10) gives a hyperbolic relation bet~~een .~ and ~. ‘.~h i~ h is ‘shown in

Fig ~ by the h yperbolic curve c . nnec t in~ A ’ , A and A~ , all corr e sp on ding

t - to minimum ~ ~or B ’ , B and B for  ‘nax~murn ~ Thus , ne h n i , . . ,n t a l

segments A ’ B’ A B , and A B ~epresent  the ‘~eceived 4 ig n~ 1 ‘ipectrurti

wid th  afteT negat ive  zero  and ~~~
- 

~‘i t ~~ ~‘ Dopp ler  di stor t icn”  1-esp e( t v ~~1y The

reference  tun ct .~~n re cord ed as ~ function of fo r  h.. t r an c  n i t t e d  si gr~~1 .. ‘i

spectrum w ‘th A B accomna ’ dates ~ ll d i s to r t ions  ~ t h is ~‘~~rr’l re 1 r e sen ted

by other  hon ~.c’ntal segments c n ’ e c t i n g  t he two hvperb . ’ .ic cu r ses  -f ~ iq  S

so long as Eq ~10 , holds t rue Ihe l ight  source spec t r tm ~~idth is c ho ’.en t~

insure the lat ter  The cons tan t  he ter . ..~dy n i n g  sh i f t  - appears  on

Fi g 5 as a st r aig ht ver t ical  line , tndependevv ~f A

It is apparent  f rom Fig 4 and E q ç~~ that nc~ t ..e x~ ~nd n v a lu es

simulate the Doppler distortion and heterod yning operat ion s that  hav e  .~c .  ur red

on t he pt sitt ~~e .

~~ 

part of the si gnal s~. c ct r u m . while i..os~t ’ve x 2 and n

va lue . do the same tor the n~~~a t i v e  spect rum Now it i~ obviou s h t  a ~~~ ~t c h~ .
~~

10
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filter operation , of the typ e shown in Fig 2 , can be carried out by ir’serting

the comp le~ conjugate of the transmitted si gnal positive frequency spectrum

in the ~~ plane , cente red a dist~ n . o x~ (k
C fr~~n the ori g ind  axis se

in Fi g 4, and the complex conjugate of the negative Spectrum sy-n ne tr ica ll y

displaced a distance from the original axis Actuall y i nly the positive

~~ the negati.. e spectrum need be used , for the omission of either merely

causes a l~ght lo ss by a factor of two in the intensit y o the cor r e lt t i on  function

in the output plane This result is demonstrated in Appendix II

In general , the signal spectrum is complex , and , therefore , both

amplitude (opacit y) and phase (thickness) recordings must be included in the

optical ver sion of the refe rence function inserted in plane PZ AO (Fig 3)

However, there is a large class of signals for which no phase va r~ation is

required.  These include all signals whose Fourier transforms are purely real

or purel y imaginary , corresponding to signals which are  purel y even or purel y

odd functions of time The use of such si gnals considerabl y simp lif ie~ the

construction of an optical reference , for onl y amplitude recording ~s then

necessary

When the inverse t ransform is taken by lens L2 ~f Fig 3, a sum of

supenimpoaed correlation functions , one ~or each li ght fr equen cy,  will  appear

in plane P3 A more exact de~~~: i p t i .  n woul d note that  t h e  optic .&xi e fo r

lens L2 in Fig 3 cannot be colinea~ with the d i f f rac ted  cp ?ic axes f~ r all

wavelength s This lack of colinea .-it .y ha~ I wo  ef fe~.ts  upon tb .~ c~;r re~atio n

function in plane P3:

1) A slight displacement 
~~~~~~~~~~~~~~~ 

of d i f f r a c t e d  axes , r e la t~ve to the

axis for lens L2 and other component s to the ri ght of LZ in Fig 3. exis ts

at all li ght wavelengths  except f r * p ar t i cu l a r  m s t c h .~r~ vr~ % e 1 e n k .h ) ‘ This

— I l  —
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small disi t i r e n a s l i t  is  * fr equeiw y shi ft  wh ich  can be i g no-e d  )i~ ’~~~v~ t’r sin i r

a displacement 
~~~~~~~~~ 

in the positt~ e ~or egative) fr e qu e n cy  pt4fle produces

a multiplying phase factor taxp i-1~~~~ X ) x 4 I in  the next s~~.a *ia l  pLane P~

where the or re lat ion  func tion  is int ~aged Since li ght I nt e n . t ty  r a t h er  than

amp litude is sensed by an output • i l m  or photodetector  the ab solute  square

of t he corr el*t * -n coe(fi t it ’iit k m  detected and phase t.u ti~r . o ’ t he t ’, pe

exp are not apparen T

n general , the  pla n e 
~~

2
.k 

tt r :~ gi ven l ig ht t roqurucy  is s lig ht l y

inc l ined j n ~ t exactly perpendicular) to the optu- *xls id lens L.~ Thus the

p lane PZ~~, whic h is actually er ;enlnutar t i  the LZ ax i s  and in which the

reference f u n c t i  ~n is insert ed , h i s  a lig ht amplitude d t at ~~ib u t ’o n  bt c h , for arbi

rar~ A . a not quite the F’ourier t ran sfo rn t  ‘~t tti*i ex i s t i n g  in ~ L si te  ~~
‘ I bitt

rath er is one which, by reason ~~ the t i l t e d  w a vet r o nt  1~2 , t ’ n  tie d e s i r i be d  h y

( assigning t .~ the Four icr  t ransform s ph a s e  sh i f t  l in ea r  i t h  di.~ ~~~~~ ui 1’ ..
~~~~ plane Thu. , the L ig ht am~ 1ltude dis t r ibu tion  t r ansmi tt ed  through

jk i~ . 1~ ~~t i t  the t~~r ui  S~~~ ) R ’s (~. ’ e x ta h e re  e i w  th e  p l ase t a~ t o i

and the n i t  nt K I X )  is a nit ’  a su re i~~~ the ang le b e dween and P~’

The . t & t  t on  t l ens I .~~ . in per forming the I I t V t ’V S t ’  Four i~ t t r s na orm eonv t’ i t

t h is phase fact or t a t ime displacement Ii, A in ~ L ant ’ P ~ nil th i  ~ l ut e

itt  sp i scement is dependent upon A ‘L’huia ( l i t ’ t i n~~ ~~~~ ‘ a~ 1’ doe a not

ha~ e the saute L ’r t g t n  b r  all A and the iutput 1 Li i t i ’  at  P4 ‘itust be prop

enl y c~~lt b r a t c d  with  re gard to A

I 
~ ~~ Woodwa rd Pr&~t a ~~i lit 1 *nd ii ’ r i a i a t ~ on l’he ry ~~t At a Ii. i t

to R a dar  (M et ~ r aw 111ff L~io4 k ~~ Inc N e w  Y..”rk ~~~‘~ ; ~~~

C

- - 
_ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~
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-.



The li ght intensity available at plane 
~
1A 

when klu-n n .~t e i

frm  the on-ax~e point of plane P1 is given by the s i~il ewpression for

the light intens3ty distribution from a plane wavefront mr ng ng on a grat ing

.2 .2
R 2 ain~~ em N’y

~ sin 2y

where a sin 0

0 diffraction angle.

a grating slit width,

n d  sinO
A -

d grating slit separation. and

number of slits in the grating

By making the ~l~t ~ *dth a large ~e g equal to one h i t  the ~~~ .‘epar at ion
(.. sin2

d 
~~

. it is possible to narrow the single slit modulating envelope —---
rp

so that most cf the ii gbt is concentrated in the n - 0 ± 1 rder s  Thert

is also a requirement that the ~.a rious diffraction orders do not oa e rlap  st

plane P 2~ and thereby confuse the resulting image This requirement is

me t by using long focal length lenses and small slit s e p a r at a r  n d on the

grating to provide a large diffractirn angle 8 The ~i’, int requi rement s

of light intensity distribution and image separation can be ach e”ect by m~ ktng

j d 2* with d small It is also possible, on ruled g - at ~~n g Q  t -  ‘ .p er  the

bottom of each cut so as to concentrate up to ~O percent ~f the t-snemitted

light intensity intc the first (e g , ii - 1 , order  at the ex r c r la *  o ’ the  cen t ra l

(n 0) and higher order images Phase g rat i ngs  in ‘-s h c h  *11 p a r t .i 0 the

grating ~re ~qua1 y transparent but d’f er in optical  t hi cknes s fl t c i t l i .. p r e a e r a . e

that light normall y lost in the opaque - e g i t n a  of couvent onal  g-attngs but can

1
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ .1 



also be c.~n stcucted to concentrat e light In the first order Images at the

expense ~ ( the entr aa l image

The diffraction pattern r~ n~ grating GI has secondary maxima at

angles close t~ the p r imary  maxima , and these wi l l  add incohe ien t  illumination

to the pr~ma ry  maximum diff ract ion image in plane PZ
~ 

1 can be shown

h o w e ’t e t , th at  the intensi ty  of a p ar t i cu l a -  secondary maximum relative to

2 2that  ot the primary maximum is approximately 4 a ~ 1 vhe~ e

n is the number of the secondary maximum counting t~~e n the ne r est

prin-i a ’- y max imum The total in tens i ty  received from all aecond ary  max ima

within an angular width aO
~
o 2 , the assumed angula r  ~~1dth ~~ the image ,

to either side ‘1 * primary anaxinium ~s approx~niately

~ 
(N -Z) 1  2

—- 20 (12 )
t 

it n~ 1 ( 2 I k 4 1 )

However, the angular width of the principal maximum is twice that of the

secondaries Thecefore, th~ relative nt’ncoheront illuminat i n supp lied by

the secondary maxima is approxim~ate1 y one half of Eq ~~~~ or 10 percent

of the intensity in the principal maximum in most cas es , the 10 percent

Increase in n 415e Level will not si gnificantly ,-iPect the detectability of a

signal which usi’ally is recorded with additive noise o much la rgar  pro-

portions

~1t might seem that the angular width t the n ‘ + 1 or - I principal

maximum would also limit system performance by degrading the inherent

- 14-
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angular resoluti n However it is easily shown * that this is an aperture

effec t , Independent of the grating constants , and so long as the aperture in

which the grating is placed is the same sire as other apertures of the

system the an g u l a r  resolution will be the same throughout

The prism preceding the output plane P4 of Fi g 3 separates the

various li 4ht colors, or Doppler chanuel~~, into a continuous spectrum spread

vertically This vertical spread need not produce any overlap of c1o~iel y

* The angular l.~catton of the f~rat minimum to either side o~ the n + 1
principal m,iximum i~. g iven  by ’

(N * I~ Asan Om m  Nd

while that of the principal maximum is

Asin Omax

For large N , the half width 8 - 0 of the principal rn axin-murn
is obtained from max nun

sin O sla B I d ( sj n  0 ) cos 0 dOmax mm max max -n ax

A /Nd

dO X/Nd cos0 X Amax max

whe re A total aperture. This is the approximate expresaion ‘or th~angular reaolutkn of a circular aperture of diameter A
( .)

- , — 

~~~~~~j .fl_.L~~~,_ 
~~~~~

I ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ — —.—— -,-—---,, —-—-_
~

--—_ --— -.~-- 
_,________ .o,__— ~~~~~~~~~~~~~~~~~~~~ -
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spaced signa l channels from the signal film (plane P h .  h r  optical magni

fication bet~~een planes P3 and P4 can produce many more resolvable

channels on P4 than existed in P 1 by enlarging the for ’n~ t Moreover

the vertical or y 1 , spacing o~ channels in P1 is dictated by the overall

resolution - f  the cerrelator as a whole (film plus lens component s act in g as

cascaded filters), whereas the channel spacing in plane P4 need :nl~, exceed

the resolution distance on the film alone It should be noted that the optical

transforniaticn between planes P3 and P4 is a true imag ing process and

not a Fourier transform relati nship Put in different term s the power of

lens L3 is such that both the Fourier transform and its inverse are accom-

pu shed between P3 and P 4 ,

The prism can also be oriented, as shown in Fig 6, so as to produce

a horizontal, or x , spread of the spectrum To avoid confusion between the

time axis and Doppler channele it would then be necessary tc insert a slit i.n

plane P3 and ‘inc the x axis in plane P4 for the Doppler & ~s w e l l  as

the t ime ~~~~ c’~ rdinate, as shown in Fig~ 6.. In this cc nfi gur a ti cn  the

correlation function 4(x 0
) is not suriultaneously observable o~ e’- ~ aide x

range. as it is in the configuration of Fig instead, only x for  that

a0 value corre sponding to the slit posit~~n is ~amnpled at ‘~ne inst :~nt of t ime

With the signal film continuously t raversing plane P1 in real time the out -

put through the slit at plane P3 (or its Doppler separated ve-si~on at P4~
provides ~. t i~ne -‘evolvin g history of 4 :x ~~ - To avoid inf ormation mn iear on

the output ~i1m, the Doppler spread IA .
~~

) must be samp le~ at P4 in

time increments Ax
0 . and the Doppler deterrninabc.na must be multiplexf d

with the real time x variation This leads natural  y to some sort of

C

- it -  -
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fraz~.e camera for recording information appearing at P4 - but the resulting

multiplexing of Doppler and tim e or x , information may not be particu-

larly convenient for subsequent data reduction. Moreover , a much shorter

exposure time, equa l to A x0 is available in the configuration of Fig 6

than in that of Fig 3, where a plot of + (x0) for a r ange of a0 values is

available at P3 or P4) and exposes a film moving slowly through the P3

(or P4) plane synchronously with the si gnal film motion through Ph

For some purposes the prism can be climinated entirely and the various

Doppler  channel, left unresolved In plane P4 The correlator then bet onies

Doppler lnvar ’snt  regardless o: w h et h er ic not t he ori ginal  u gni l  function

was t’hosen tt~ be Doppler invar~Ant Th’ an be a ~.e ry c. n~ er ent mi de of

operation when one utehee not c’tly to make no ust’ ‘ I DopF ler  iifc- rm~tion but

s.lso needs to insure that Doppler diati r t i  n i  of a t arge t  re~1ected si~~na1 do

not cause the original si gnal to decorrelate Of course , a pa rt i i . ~r conetau t

velocity target motion wil l  then give rise to a recei’.ed s~gna1 wh4~ 1 orrelaten

at onl y one light frequency. and illuminat ion in the output plane h o r n  all other

parts of the light spectrum will then appear as noise superimposed on the

desired correlation function Therefore if the Doppler channels are left

unresolved in P4 the signal-to noise ratio in plane P 1 must be adequate

to insure a detection at P4 in the presence of noise from othe r li ght f requencies

Since the distortion of the signal tirnebase by a scale factor due to

moving target refl ections, or the distortion of its frequency components by

the inverse of thi, scale factor is normalLy a small percentage distortion,

the range of light frequencies required for  Doppler compensation Is a small

percentage of the center frequency (see Eq [1]) Therefore, no compensation

need be made for the spectral response of the light source or the film in the H

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- 

-~ - ~
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output plane P4 over the narrow spectral range actual’ y used How.iver ,

the same usually cannot be said for the band-pass interference filter Fl

(Fig 3), tv-hose fr equ ency  response curve has skirt s that do not fall to r ero

infinitel y fas t at the edges of the pass region To the extent that compen

sation must be made , - the light Intensities in plane P4 ‘nay be inter p~ eted

afte r weIghting theni with the inverse frequency response of the f i l ter  F)

The relative meri ts  of the panchiomatic principle can be su.~n’narised

by revtew~ng the advantages and disadvantages Implied in the foregoin g The

advantages relat *ve to other optical correlation tot haiques appeal t~ nelude

the followIng:

1) A single reference function ~or correlation against

all Doppler distortions of the signal .

2) Simultaneous correlation of all Doppler distorted

signal s, r ather than a sequential Doppler search

multiplexed with real t~me (or range )

3) No mechanical motions required either for Doppler

search or heterodyning -

4) Longer time available to expose film In the output

plane P4 . by reason of 2) -‘ above .

~
) Simp licity of parts relative to the number and corn

plexity of operations accommodated (heterod yning

Doppler compensation, correlation).

The principal disadvantage of the panchroniatic conf iguration results

from its inefficient use of light flux available at the source Roughly 90 per-

cent of the initial light flux is lost by retaining only one order ~n value) in the

-18-

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



1~( diffraction image produced )~y simple gratings. Wher. light source intensity

is not a limitation, or where advantage 4~ , above. compensati~s . or when

special gr ating . are us.d to concentr ate light in the n - 1 ord.r , this is

obviousl y not a problem . in any evsnt , the potential capability of the pan-

chro mat ic conf iguration to perform simultaneous Dopp ler compensat ion and

correlatio n operations on heterodyned signal s appears intri guing and theo —

r.tic*lly promising

t..

0
- 19-
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AF ’PFN~) X ~

e etm plex light anipl~i’ide ~ ‘ct c 
~~~~~~~~ 

, y~~) ~~~t p - 

-o~ plane P2 ~ser Fig 7 )  resulte from ~uInmirg the ~
- . a t H b u t i on s ~~1 .x 1 y 1)

from ~.ll points  -x 1 , y 1: of ?i~-’ n.~ Ph Neg]ect ing the obli quity factor

and the time deperdent ‘a c - or ~ thi .~ ‘Vec to r  sum car  be .vritten

4
X- , ~ f 2 ) J E~ ~x 1 ~~ e dx , dy 1 , (l3~

where r x
1 ~

y
1 ~~~~~~~ is ~ht- c pt i~.~~ l p~~ :i le’ngth ~e~wt~en points x 1 ~~~~

in Ph and ‘2 ~~~ 
in PZ \ ih~~1! ~ dif r~ c t - - n ~:r~~ - 

~Ic s pre sent . Eq i 13

can be used to c~~lcxlate the amplitude vector in a~~y ~~~~~ o~ t~te th’i raction

image ~~~~~~~~~ r re ‘dents tl.e d~qt~~i: - v the image point in :h~ t order
- - 

- 
and the various orders ~re non o’~ e~-lappn~~ r ig~:~~ ch w~~ the geometr y

involved f o r  a part icui~~’ wavelenKth and the n - 3 ~~~rs t  order -t i~fracted

image , t is appa-~ent f~ c~m the fi gure that the cp t i c~ l ~: ~t*nce r 0 x2 ) fr om

a-ny point of the tilted plane P~~ to x2 is

= r 1 + r 2 = g coa l + 
~~~

_
~~~~~

__
~~

__
~

where r 1 is the incident ray and r
2 the diffracted ray to the f i ri t  orde r

diffracted image The condition for the first  order pr inc~p*l maximum of

the diffraction inn~ ge Ia

d(sin 8 Situ ) 3.

sin I sin e sin e

C 
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~rhere a n 0 - 3 and °0 
is the angular position of the princ~p~d

maxiinu’n wh~ n i - o Substituting :tor COB Eq ( 14) becomes

r~~x 2 ) g \/~~~~3ln e sin e0 
2 + f~~/~~~tan2

~O e~

expanding the tri gonometric functions and retai~uing p .v.-ers  of the anRies

below the f :-urth

~~~~~~~~~~~~~~~~ 
+ 

~~~~~~~~~ 

4~~~~~~~~~~~~~

]

+ 
~~~~~ [(0 

- ;~) 2(0  

~
) (
~
, 

- 

~
) ~e .  

~) ]
• 

+ 
~~~
. [
~ 

- 0 ) ~ ÷ 4 ( 9  
-

1 2
- 

g + ~ + -~~ - I f g ) 9 - 0 )  ( 151

Any other point x
1 o~ p lane P1 ‘~~h1 be closer to -~~~~ ~~~~ cv from than

plane Pt ’  by~~ di stance ~ -x 1 8in i~~

C 
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- aj n  - - ~~ ~sin0  ~~~~~

I o [ 
-~~~ 

4 -ze 2o -~~ e

~ !...1 _ j •~ ~~~~~~
J t

~~~ t~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 ci 1 •(~9.:1~9,~0~o?) I
- ~1~~)

wh~ re the second te ’- -r on t ’~ e ri~~ -.~ s,de involv~ng •h i ’~d ‘~ -~d - - differences in =

~‘n ’i their  products~ is neglected

To just if y this neglect .  it must be shc~~n th at the value of this term is

of the same orde r or “~rnaUer than the ~ngul~ r resolution due to the aterture .

i .e .  the .~n ul~ r width, of a principal naximum in the diff ~-act&on ~~~~~~ which

is given by ~/Nd .t is not ~~~~ to c~ oose a ~~ t of practical values for N d.

and f which meet this condition while still ~v~’f ding an overlap of ~djacent orders

in the diffraction image

Adding Eq. ~lb~ to ~~~~( 15L

~, x~ x2 -x~~
r x 1 x2 :~ g - -~ f ’ +  -;, J - g  o-9;. _- - •--

~~~

------ •- -

Allo’w~ng -
~~ - ~ and neglecting ~he connt.an~ te -?ms g and f the

remaining term is just - c 1 ~x2 ~~~ 
/f For two dimensions the cpticai

distance r ~x1~ y1 
x2, y2~ 

. apart from constant te ~~~~ become s

~~~~~~~~~~~~~~~~~~~~~ — •—~ —~~~-—. —~~~~ —.,•. — 
•______, a~~._, •.-,—_ -~~._ — 

•., ~~~~~~~~~~~~~~ 4



* x
1
(x

2
-x ~~

r ~c 1
,y 1, ~~~~~~~ - ( l _ ~

• r~ 13 c~~’.- nc ’~ :e wr i t ten

-~ 
-. 

~ [x 1 ‘x 2 ~ 
yE2 x~~ -

~ f f E1 .1,~~1) e  - d x d y 1

(II

ft — j ~. j X
1 ~~~~~~ 1E . - J E - . v dx 1 ‘iZ xy  - 1 1 ’ l  

~ 1

where 
~~, 

X~~) ~~

— Zn

~v
_ 

,~~-‘ ~ 2.

Si~uce x - xb ) :~~d y, and t ?efc~-e an~ . e ‘~~~-‘e 1 ~~~m
the dF~ i -  t e~i ~~ ~ c -~~ -s whose I~~~~-~ n ‘~~~ ~~ uz ’:1i~ -

~~~ ot >. tt iey ‘~~) i  ~ ~~ e
dif’erent ~~

- — hie~~ ,. whe 1~ desc ~ib~ c~ç~ ~~~~~~~~~~~ ‘
~~~~~~~ r~ j fl ~~~~~ P’ o . ~~ -~ i- the

various 1~ q- - w a ~-’e1enptha 3 . ,  • -
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f. Because the heterodyning frequency shift  12 is generally large r than the

signal bandwidth accepted by the optical co,rrelator . such terms as cos 212 r

and sIn 212 T average to rero within the space covered by one resolvable spot

on the output film (or photodetector ~ Then the light intensity which I. actual ly

detected becomes

4(t+T) ’
2 

2(x(t.~ r J
2 .4-

just twice the value of ~~~t + 1)  1
2 Thus , the net ef fect  of operating only

on the positive frequency spectrum of the received fun cti~ n f(t )  is one of

reducing the available light level at the output by a factor of two , For mechanical

convenience the ps.nchrornatic cor,~elator is designed to accept only the positive

frequency spectrum., thereby generating ~~~~~~~ (t+ r) 1
2 at its output

C 
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